The salt-inducible kinases (SIKs) control a novel molecular switch regulating macrophage polarization. Pharmacological inhibition of the SIKs induces a macrophage phenotype characterized by the secretion of high levels of anti-inflammatory cytokines, including interleukin (IL)-10, and the secretion of very low levels of pro-inflammatory cytokines, such as tumour necrosis factor α. The SIKs, therefore, represent attractive new drug targets for the treatment of macrophage-driven diseases, but which of the three isoforms, SIK1, SIK2 or SIK3, would be appropriate to target remains unknown. To address this question, we developed knock-in (KI) mice for SIK1, SIK2 and SIK3, in which we introduced a mutation that renders the enzymes catalytically inactive. Characterization of primary macrophages from the single and double KI mice established that all three SIK isoforms, and in particular SIK2 and SIK3, contribute to macrophage polarization. Moreover, we discovered that inhibition of SIK2 and SIK3 during macrophage differentiation greatly enhanced the production of IL-10 compared with their inhibition in mature macrophages. Interestingly, macrophages differentiated in the presence of SIK inhibitors, MRT199665 and HG-9-91-01, still produced very large amounts of IL-10, but very low levels of pro-inflammatory cytokines, even after the SIKs had been reactivated by removal of the drugs. Our data highlight an integral role for SIK2 and SIK3 in innate immunity by preventing the differentiation of macrophages into a potent and stable antiinflammatory phenotype.
Introduction
Macrophages play diverse roles in the immune response due to their innate ability to adapt their physiology to the changing needs of the host [1] [2] [3] . In response to infection or tissue damage, macrophages acquire an inflammatory phenotype characterized by the production of high levels of pro-inflammatory cytokines, such as tumour necrosis factor α (TNF-α), interleukin (IL)-12 and IL-1, a state often referred to as 'classically activated' or M1 macrophages. This initial event triggers a cascade of processes to establish an immune response to clear the infection and help repair tissue damage. Upon completion, inflammation must be resolved. To this end, macrophages switch to a proresolution phenotype characterized by the production of high levels of anti-inflammatory cytokines, including IL-10 and IL-1 receptor antagonist (IL-1ra) [1, 4] . Various factors, including apoptotic neutrophils, immune complexes, IL-10 and prostaglandin E 2 (PGE 2 ), have been shown to promote diverse but related anti-inflammatory, pro-resolution phenotypes in macrophages, which have previously been grouped into M2 subsets [1, 5] . The capacity of these subsets to modulate the immune response in vivo was demonstrated by showing that injection of these macrophage populations could protect mice from endotoxic shock [6] . Since the persistent presence of inflammatory macrophages is a because all of the small-molecule inhibitors identified so far do not discriminate between the different isoforms [17, 22, 23] . Here, we combined mouse genetics, chemical biology and enzymology to address this question.
Materials and methods

Materials
The small-molecule kinase inhibitors, HG-9-91-01 and MRT199665, were synthesized as previously described [17] . The pharmacological inhibitors were dissolved in DMSO and stored as 10 mM solutions at −20°C. Mouse macrophage colony-stimulating factor (M-CSF) and IFN-γ were purchased from Peprotech, lipopolysaccharide (LPS) (Escherichia coli strain O5:B55) was obtained from Alexis Biochemicals and Pam 3 CSK 4 was acquired from Invivogen.
Generation of KI mice
SIK1-T182A, SIK2-T175A and SIK3-T163A kinase dead knock-in (KI) mutations were created by conventional gene targeting technologies by TaconicArtemis. Briefly, vectors were created to introduce the desired mutations in the SIK1, 2 or 3 genes via homologous recombination in embryonic stem (ES) cells (Supplementary Figure S1A-C). At the same time, loxP sites were introduced 3 0 and 5 0 to the targeted exons. Vector sequences are available on request. Targeting was carried out in Art B6 3.6 (genetic background: C57Bl/6 N Tac) ES cells and the correctly targeted clones confirmed by Southern blotting using 5 0 and 3 0 probes that bound to sites outside the sequences used in the targeting vector (Supplementary Figure S1A-C). The presence of the desired mutation was further confirmed by PCR of the appropriate genomic region followed by sequencing (data not shown). ES cells were then used to create chimeric mice using standard methods. Chimeric mice were bred to Flpe transgenic mice, which in the case of germline transmission would also result in the deletion of the Frt or F3 flanked markers used for selection in the ES cell targeting. From these crosses, mice heterozygous for the desired mutation were detected by PCR genotyping analysis and subsequently crossed to remove the Flpe transgene. Routine genotyping for the mutated alleles was carried out by PCR using the primers CTTGCTCTTAA GGTGTTCTTAAGG and ACAGAGCCACTAACAAGACTGC for SIK1, AAGAGAGTGTGGGACTAACTTGG and GCTTGTTTACAGAGTGCAGTGG for SIK2 or GGCTAGTTAGAGAAATGCACAGG and CATGTGCA CCTGGAAAAGG for SIK3. Mice were maintained on a C57Bl/6 background and provided with free access to food and water. Animals were kept in ventilated cages under specific pathogen-free conditions in accordance with UK and EU regulations. Experiments were carried out subject to local ethical review under a UK Home Office project license.
DNA constructs
Vectors to express human SIK1 (DU1103), SIK2 (DU53066) and SIK3 (DU46915) with an N-terminal HA-tag in mammalian cells were generated by amplifying the relevant cDNA fragments by PCR, ligating the product into the pCR2.1 TOPO vector (Invitrogen), sequencing the insert and then subcloning the fragment into pCMV5. PCRs were carried out using KOD Hot Start DNA polymerase (Novagen), and DNA sequencing was performed by the MRC-PPU Sequencing Service (https://www.dnaseq.co.uk). The coding region of human SIK1 cDNA (NCBI Acc. NM_173354) was amplified from IMAGE consortium EST clone 4831049 (NCBI Acc. NM_173354) using primers 5 0 -GCGAATTCGCCACCATGTACCCATACGATGTGCCAGATTACGCCGTTATC ATGTCGGAGTTCAGCGCGG-3 0 and 5 0 -GCGGATCCTCACTGCACCAGGACAAACGTGCC-3 0 , and subcloned as an EcoRI/BamHI insert into pCMV5; the coding region of human SIK2 cDNA (NCBI Acc. XM_041314) was amplified from IMAGE consortium EST clone 5495545 (NCBI Acc. BM799630) using primers 5 0 -GCGGTACCG CCACCATGTACCCATACGATGTGCCAGATTACGCCGTCATGGCGGATGGCC CGAG-3 0 and 5 0 -GCGTCGA CTAATTCACCAGGACATACCCGTTGTG-3 0 , and subcloned as a KpnI/SalI insert into pCMV5; full-length SIK3 was re-amplified from the pGEX6P-SIK3 construct previously generated [24] using primers 5 0 -GCGAATTC GCCACCATGTACCCATACGATGTGCCAGATTACGCCGCGGCGGCGGCGGCGAGCGG-3 0 and 5 0 -GCGAAT TCGGCTTTTACACGCCTGCCTGCTCC-3 0 , and subcloned as an EcoRI/EcoRI insert into pCMV5. All plasmids are available through MRC-PPU Reagents and Services (https://mrcppureagents.dundee.ac.uk).
Antibodies
Antibodies were raised against peptides encompassing amino acids 577-592 or 597-612 of human SIK1 (S306D, bleed 3), amino acids 272-445 of mouse SIK2 (S567D, bleed 3) and amino acids 926-1038 of mouse SIK3 (S373D, bleed 3) in sheep and affinity purified by the antibody production team at MRC-PPU Reagents and Services (https://mrcppureagents.dundee.ac.uk). The following antibodies were used for immunoblotting: horseradish peroxidase-conjugated secondary antibodies (Pierce), anti-HA (Roche), anti-CRTC3 (Abcam), antiglyceraldehyde 3-phosphate dehydrogenase (GAPDH), anti-nitric oxide synthase (NOS), anti-SIK2, anti-signal transducer and activator of transcription (STAT) 3, anti-pY705-STAT3 and anti-pS246-HDAC4/pS259-HDAC5/pS155-HDAC7 (Cell Signalling Technology).
Cell culture
Primary macrophages were generated by differentiating bone marrow from 6-to 12-week-old C57Bl/6 mice or foetal livers from day E14.5-E15.5 embryos for 7-10 days in DMEM supplemented with 10 ng/ml purified recombinant M-CSF or 20% (v/v) L929 conditioned medium as a source of M-CSF, 2 mM glutamine, 10% (v/v) foetal calf serum (FCS), penicillin and streptomycin. Macrophages were differentiated on non-tissue culturetreated plastic, harvested and replated at a density of 100 000 cells/cm 2 /0.1 ml on tissue culture-treated plastic in fresh media prior to stimulation on day 8. Where macrophages were differentiated in the presence of inhibitors, these were added to the culture medium in 0.1% DMSO on days 0, 2 and 4. HEK293 cells were cultured in DMEM containing 10% (v/v) FCS, 2 mM glutamine and antibiotics, and were transfected using Lipofectamine 2000 (Invitrogen) following the manufacturers' instructions.
Quantitative PCR
mRNA was extracted from cells using the MicroElute Total RNA (Omega Bio-Tek) or RNeasy micro (Qiagen) kit following the manufacturers' instructions. cDNA was generated from 0.5 mg of total RNA using the iScript cDNA synthesis kit and quantified by qPCR using the SsoFast EvaGreen Supermix on a CFX384 real-time system (Bio-Rad Laboratories). The relative expression of each gene was calculated from C t values using the Pfaffl method [25] and was normalized against the mRNA levels of house-keeping genes, 18S and GAPDH. Results are reported relative to untreated control cells, which were set to 1. The following qPCR primers were used: 18S F, gtaacccgttgaaccccatt; 18S R, ccatccaatcggtagtagcg; Arg1 F, ctccaagccaaagtccttagag; Arg1 R, aggagctgtcattagggacatc; GAPDH F, gccttccgtgttcctaccc; GAPDH R, tgcctgcttcaccaccttc; IL-6 F, ttccatccagttgccttcttg; IL-6 R, aggtctgttgggagtggtatc; IL-10 F, ccctttgctatggtgtcctttc; IL-10 R, gatctccctggtttctcttccc; inducible NOS (iNOS) F, acatcgacccgtccacagtat; iNOS R, cagaggggtaggcttgtctc; LIGHT F, ctgcatcaacgtcttggaga; LIGHT R, gatacgtcaagcccctcaag; Nur77 F, cctgttgctagagtctgccttc; Nur77 R, caatccaatcaccaaagccacg; SPHK1 F, acagcagtgtgcagttgatga; SPHK1 R, ggcagtcatgtccggtgatg. PCRs generated a single product (as visualized on gel and melting curve) of the expected sequence (data not shown).
Cytokine secretion
The concentrations of TNF-α, IL-6, IL-10 and IL-12p40 in cell-free culture supernatants were measured using the Bio-Plex Pro Assay system (Bio-Rad Laboratories). IL-10 was also measured using an ELISA kit from Peprotech.
Immunoblotting
Tissues and cells were extracted in lysis buffer [50 mM Tris/HCl ( pH 7.4), 1 mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 10 mM sodium β-glycerol 1-phosphate, 1 mM dithiothreitol, 1 mM sodium orthovanadate, 0.27 M sucrose, 1% (v/v) Triton X-100, 1 mg/ml aprotinin, 1 mg/ml leupeptin and 1 mM phenylmethylsulphonyl fluoride]. Cell extracts were clarified by centrifugation, and protein concentrations were determined using the Bradford assay. To detect proteins in cell lysates, 15-20 mg of protein extract was separated by SDS-PAGE. After transfer to PVDF membranes, proteins were detected by immunoblotting and visualized by treating the blots with enhanced chemiluminescence (Amersham) followed by autoradiography. Where indicated, the expression of SIKs in tissue extracts was visualized using the Li-cor Odyssey Fc imaging system and quantified using ImageStudio v4.
Kinase assays
Endogenous SIK1, SIK2 and SIK3 were immunoprecipitated by incubating 1-8 mg of lysate with 1-4 mg of antibody raised against the indicated SIK sequence: SIK1, 577-592 or 597-612 human (S306D, bleed 3); SIK2, 272-445 mouse (S567D, bleed 3); SIK3, 926-1038 mouse (S373D, bleed 3), for 1 h at 4°C prior to the addition of 5 ml of Protein G-Agarose beads and incubation for a further hour at 4°C. Immunoprecipitates were washed three times with lysis buffer containing 0.5 M sodium chloride and twice with assay buffer [50 mM Tris/HCl ( pH 7.4), 0.1 mM EGTA, 10 mM magnesium acetate and 2 mM dithiothreitol]. Kinase assays were initiated by incubating immunoprecipitated protein with 0.1 mM [γ-
32 P]-ATP (300 cpm/pmol) and 300 mM substrate peptide ALNRTSSDSALHRRR (corresponding to human CRTC2 residues 165-176 followed by three arginine residues to aid binding to phosphocellulose paper) for 20 min at 30°C. Incorporation of 32 P-phosphate into the substrate peptide was determined by applying the reaction to p81 phosphocellulose paper and scintillation counting after washing with 50 mM othophosphoric acid and fixing in acetone. Data were converted into Units/mg of protein extract where 1 Unit is equivalent to the amount of enzyme required to incorporate 1 nmol of 32 P into the substrate per minute.
Flow cytometry
Naive macrophages were detached from non-tissue culture-treated plates after 7 days differentiation in M-CSF-containing media by scraping in versene. Cytokine levels in mouse serum SIK2 KI mice on a C57Bl/6 background and wild-type (WT) littermates (8-12 weeks old) were injected intraperitoneally with LPS (1.8 mg/kg). One hour later, the mice were euthanized and the concentrations of cytokines in the sera were measured using the Bio-Plex Pro Assay System (Bio-Rad Laboratories).
Nitric oxide assay
Nitrite levels in cell-free culture supernatants were assayed using the Griess reaction in samples treated with or without nitrate reductase and nicotinamide adenine dinucleotide. Standards and reagents were supplied by R&D Systems. Nitrite and nitrate levels were normalized to protein concentration in cellular extracts.
Statistical analysis
Quantitative data are presented as the mean ± SEM. In most experiments using primary macrophages, cultures were established from 'n' mice. Each macrophage population was independently differentiated, cultured and stimulated prior to analyzing the biological material. Where indicated, macrophages were pooled following differentiation. Statistical significance of differences between experimental groups was assessed using the one-way or two-way ANOVA with Bonferroni post-test or Student's unpaired t-test when appropriate. Unless otherwise indicated, the data are compared with cells stimulated with TLR agonists in the absence of any drug. Differences in means were considered significant if P < 0.05; *P < 0.05, **P < 0.01, ***P < 0.001. n.s. refers to non-significant.
Results
SIK2 is the major contributor to the overall activity of the SIKs in bone marrow-derived macrophages
To address the role of each isoform of the SIKs, we first set out to measure the enzymatic activity of SIK1, SIK2 and SIK3 in mouse macrophages. For this purpose, we raised a novel set of antibodies against SIK1, SIK2 and SIK3. Each antibody was selective for its respective antigen and did not detect the other family members as judged by immunoblotting extracts from cells overexpressing HA-tagged versions of human SIK1, SIK2 and SIK3 ( Figure 1A ). Moreover, the antibodies raised against SIK2 and SIK3 also detected the endogenous kinases ( Figure 1A ). All antibodies recognize both the human and mouse homologues of SIK1, SIK2 and SIK3 (data not shown).
Using these antibodies, we immunoprecipitated endogenous SIK1, SIK2 and SIK3, and determined the activity of each isoform in mouse foetal liver-derived macrophages (FLDMs) and bone marrow-derived macrophages (BMDMs) as well as various mouse tissues ( Figure 1B) . Notably, we detected enzymatic activity of SIK1, SIK2 and SIK3 in all mouse tissues tested in the present study ( Figure 1B ). Of the different isoforms, SIK2 had the highest level of activity in mouse macrophages ( Figure 1B ), contributing ∼90% of the total SIK activity towards the peptide substrate used in the present study, whereas SIK3 contributes ∼10% and SIK1 only ∼1% in BMDMs ( Figure 1C ). In all the cells and tissues studied, SIK1 was the least abundant isoform as judged by kinase activity. Adipose tissue, which expresses very high levels of SIK2 protein [26] , showed the highest level of SIK activity ( Figure 1B ), whereas the levels of SIK2 kinase activity ranged from 1 to 5 mUnits/ mg lysate across the other tissues. The enzymatic activity of SIK3 across mouse tissues varied considerably with BMDMs and kidney having low levels of activity, while the brain had the highest levels ( Figure 1B ). In terms of the percentage of total activity, SIK2 and SIK3 made similar contributions to the overall activity of the SIKs in most tissues ( Figure 1C ). Interestingly, the brain is unique among the tissues tested because SIK3 was the most abundant isoform while, in adipose tissue, kidney and macrophages, SIK2 made the greatest contribution to total SIK kinase activity ( Figure 1C ).
Development of catalytically inactive KI mice of SIK1, SIK2 and SIK3
Consequently, we generated full-body KI mice of SIK1, SIK2 and SIK3 in which we replaced the WT protein with a catalytically inactive mutant following the strategy described in Supplementary Figure S1 . We selected the threonine residue in the activation loop of the SIKs to mutate because the phosphorylation of this residue by LKB1 is essential for SIK catalytic activity [24] . The animals generated are SIK1-T182A, SIK2-T175A and SIK3-T163A. Homozygous SIK1 and SIK2 KI animals are viable and fertile, looking indistinguishable from WT littermates under standard housing conditions. In contrast, homozygous SIK3 KI animals genotyped at weaning (21-28 days old) are present at sub-Mendelian ratios (Supplementary Figure S2A To verify the loss of activity of endogenous SIKs carrying the alanine mutation in their activation loop, we measured the activity of SIK1, SIK2 and SIK3 from lung and spleen extracts obtained from each one of the KI animals and WT littermates. The expression of the SIK3-T163A protein in the tissues of the KI mice was slightly lower than that of the WT protein, whereas SIK2-T175A was expressed at similar levels to WT protein (Figure 2A,B) . We were unable to identify any antibody capable of recognizing endogenous murine SIK1 by immunoblotting. Immunoprecipitation studies showed that the activities of SIK1, SIK2, and SIK3 were strongly reduced, if not completely ablated, only in the tissue extracts from the corresponding KI mice (Figure 2C,D) . Thus, mutation of one isoform of the SIKs did not affect the overall expression or activity of the other two isoforms. These results indicate that the antibodies selectively immunoprecipitate the relevant isoform of the SIK against which it was raised and that endogenous SIK1, SIK2 and SIK3 do not hetero-oligomerize in mammalian cells. (C) Contribution of each isoform to the total SIK activity in mouse tissues; data from (B).
SIK2 has an important role in macrophage polarization
Since SIK2 is the isoform with highest kinase activity in mouse macrophages, we initially investigated the role of this isoform in macrophage polarization. Stimulation of BMDMs from WT mice with LPS led to a low but sustained synthesis of IL-10 mRNA ( Figure 3A) . In contrast, BMDMs from SIK2-T175A KI mice display high and transient expression of IL-10 mRNA, peaking at 1 h and returning to levels seen in WT macrophages by 2 h (Figure 3A) . A similar pattern of expression between WT and SIK2-T175A macrophages was observed for another CREB target gene Nur77 (Figure 3B ), indicating that CREB-dependent gene expression was elevated in macrophages from SIK2-T175A mice. Consistent with higher mRNA levels of IL-10, macrophages from SIK2-T175A mice also secreted higher levels of IL-10 ( Figure 3C ), which led to increased phosphorylation of STAT3 ( Figure 3D ), a transcription factor activated by ligation of the IL-10 receptor [27] . In addition, macrophages from SIK2-T175A mice secreted lower levels of the pro-inflammatory cytokines IL-6, IL-12p40 and TNF-α in response to LPS in comparison with WT macrophages ( Figure 3E ). Finally, SIK2-T175A macrophages expressed higher levels of the markers Arg1, LIGHT and SPHK1 after LPS stimulation ( Figure 3F ). Our results indicate that SIK2 inhibition polarizes macrophages towards a pro-resolution M2-like phenotype.
Based on these results, we tested whether SIK2 activity also regulated cytokine production after LPS administration in vivo. Upon intraperitoneal injection of LPS into WT mice, there is a rapid (1 h) increase in circulating levels of IL-10 and TNF-α. Importantly, the circulating levels of IL-10 were higher while the levels of TNF-α were lower in SIK2-T175A mice administered LPS ( Figure 3G ). Thus, SIK2 controls cytokine production both in vivo and in isolated cells. 
All three SIK isoforms control macrophage polarization
If the inhibition of SIK2 is sufficient to induce the characteristic features of M2-like macrophages, then the addition of the pan-SIK inhibitor HG-9-91-01 to SIK2-T175A macrophages should have no further effect on cytokine production. Notably, the addition of HG-9-91-01 to SIK2-T175A macrophages further elevated IL-10 and further suppressed TNF-α and IL-12p40 production in response to LPS, ultimately reaching levels observed in WT macrophages treated with HG-9-91-01 ( Figure 4) . As seen previously, pan-SIK inhibition using HG-9-91-01 elevated IL-6 secretion at early time points in both WT and SIK2-T175A macrophages possibly due to CREB-dependent IL-6 transcription; but IL-6 secretion was suppressed following pan-SIK inhibition or SIK2 KI after stimulation with LPS for longer than 4 h (Figure 4 and Supplementary Figure S3 ) [12] . Thus, SIK1 and/or SIK3, in addition to SIK2, regulate macrophage polarization.
We therefore characterized the response to LPS in BMDMs from SIK1-T182A and SIK3-T163A mice. The induction of IL-10 and Nur77 mRNA as well as IL-10 secretion were similar between WT and SIK1-T182A macrophages stimulated with LPS ( Figure 5A,B) . In contrast, LPS-dependent IL-10 and Nur77 mRNA production were raised in macrophages from SIK3-T163A mice in comparison with WT cells (Figure 5C ), although not as markedly as in BMDMs from the SIK2-T175A mice. These differences led to a small but not WT and SIK2 KI mice were stimulated with 100 ng/ml LPS for the indicated times and cytokine levels in cell-free supernatants were measured using the Bio-Plex Pro Assay System (mean ± SEM, n = 4). (F) Enhanced expression of regulatory macrophage markers in cells derived from SIK2 KI mice.
BMDMs from WT and SIK2 KI mice were stimulated with 100 ng/ml LPS for 4-8 h. mRNA levels of Arg1 (8 h), LIGHT (4 h) and SPHK1 (4 h) were measured by qPCR (mean ± SEM, n = 4). (G) Circulating IL-10 levels are increased, whereas TNF-α levels are decreased in SIK2 KI mice. Mice were administered LPS (1.8 mg/kg) by intraperitoneal injection and euthanized 1 h later. The concentration of IL-10 and TNF-α in mouse serum was measured using the Bio-Plex Pro Assay System (mean ± SEM, n = 4). Statistics in (A-C and E) represent analysis by two-way ANOVA and Bonferroni post-tests; statistics in (F and G) are the results of unpaired Student's t-test and compare SIK2 KI mice with WT. statistically significant increase in IL-10 secretion in macrophages from SIK3-T163A mice ( Figure 5D ). Despite SIK1-T182A macrophages producing normal levels of IL-10 in response to LPS (Figure 5B ), these macrophages produced significantly less TNF-α, IL-12p40 and IL-6 ( Figure 5E ). Similarly, macrophages from SIK3-T163A mice also secreted less pro-inflammatory cytokines in response to LPS than their WT counterparts ( Figure 5F ).
Given these results, we investigated the effect of inhibiting SIK2 in combination with either SIK1 or SIK3. For this purpose, we generated SIK1/2 and SIK2/3 double KI mice. Homozygous SIK1/2 double KI mice are viable, fertile and appear indistinguishable from WT animals at the gross anatomical level. In contrast, homozygous SIK2/3 double KI animals are embryonic lethal (0 of 41 animals; expected SIK2/3 double KI ∼10). SIK2/3 double KI embryos were still present at Mendelian ratios at day E15.5 (Supplementary Figure S4) , indicating that lethality occurred past this point of gestation. Haematopoiesis is established in embryos by this stage with the haematopoietic stem cells being housed in the foetal liver, which allowed us to generate FLDMs and investigate their phenotype in vitro. Although SIK2 remains the most abundant SIK activity in FLDMs, SIK3 makes a greater contribution towards total SIK activity in these cells in comparison with BMDMs ( Figure 1B) .
We found that genetic inactivation of SIK1/2 led to a further increase in IL-10 produced in BMDMs stimulated with LPS when compared with cells in which only SIK1 or SIK2 was inactivated ( Figure 6A ). Moreover, macrophages from SIK1/2 double KI mice produced higher levels of IL-10 when treated with HG-9-91-01 prior to LPS stimulation, which were equal to those produced by WT cells treated with the same compound ( Figure 6B ). Similarly, we found a further decrease in the production of IL-12p40 upon inactivation of SIK1 and SIK2 ( Figure 6A ), and these low levels of cytokine production were further suppressed by HG-9-91-01 ( Figure 6B ). The production of TNF-α is already low in SIK2 KI macrophages, and the small decrease in TNF-α levels produced in SIK1/2 double KI macrophages was not statistically significant ( Figure 6A ) but was further suppressed by pretreatment with HG-9-91-01 ( Figure 6B ). When macrophages were treated with Pam 3 CSK 4 instead of LPS, a significant effect on cytokine production was observed when mutating both SIK1 and SIK2 in comparison with the individual KI macrophages (Supplementary Figure S5) .
FLDMs from SIK2/3 double KI mice produced large quantities of IL-10 in response to LPS, levels much greater than WT macrophages ( Figure 7A) . Interestingly, the levels of IL-10 produced by the SIK2/3 double KI macrophages even surpassed those secreted by WT macrophages treated with HG-9-91-01 ( Figure 7A ). It BMDMs from WT (blue) and SIK2 KI mice (red) were treated with vehicle control (solid line) or 500 nM HG-9-91-01 (dashed line) for 1 h and then stimulated with 100 ng/ml LPS for the indicated times. The concentration of cytokines in cell-free culture supernatants was measured using the Bio-Plex Pro Assay System (mean ± SEM, n = 4). Statistics represent the results of two-way ANOVA and Bonferroni post-tests comparing SIK2 KI macrophages with and without HG-9-91-01 treatment.
should be noted that HG-9-91-01 could further elevate IL-10 production slightly in SIK2/3 double KI macrophages, highlighting the contribution of SIK1 to suppression of IL-10 production. Macrophages from SIK2/3 double KI mice produced low levels of TNF-α when compared with WT macrophages ( Figure 7B ). Collectively, our data indicate that all three isoforms; SIK1, SIK2 and SIK3, contribute towards the overall phenotype of macrophages.
Differentiation of macrophages in the presence of pan-SIK inhibitors leads to a 'memory' response
In previous experiments, pharmacological inhibitors of SIKs were added to the culture media of fully differentiated macrophages 1 h prior to stimulation with TLR ligands. In contrast, cells from the KI mice would be differentiating in the context of reduced SIK activity. Prompted by our results in SIK2/3 double KI macrophages, we investigated the effect of adding HG-9-91-01 or MRT199665 to the culture medium during the differentiation of macrophages on IL-10 production ( Figure 8A ). Following 7 days in culture in media containing M-CSF, the presence of HG-9-91-01 did not affect the expression of the macrophage markers CD11b or F4/80 ( Figure 8B ). Consistent with previous results, the addition of HG-9-91-01 or MRT199665 just prior to stimulation with LPS led to an accelerated production of IL-10 relative to cells that did not receive the inhibitor. IL-10 levels between these conditions converged upon 12-24 h of LPS treatment ( Figure 8C,D) . In contrast, we found that macrophages differentiated in the presence of either HG-9-91-01 or MRT199665 produced more IL-10, and this difference was still sustained following 24 h LPS stimulation ( Figure 8C,D) . These results indicate that inhibition of the SIKs during the differentiation of macrophages further potentiates IL-10 production, thereby explaining the observation in the SIK2/3 double KI macrophages ( Figure 7A ). (A) BMDMs from WT (blue), SIK1 KI ( purple), SIK2 KI (green) and SIK1/2 double KI mice (red) were stimulated with 100 ng/ml LPS for the indicated times. The concentrations of cytokines in cell-free culture supernatants were measured using the Bio-Plex Pro Assay System (mean ± SEM, n = 4). Statistics represent analysis by two-way ANOVA followed by Bonferroni post-tests comparing SIK1/2 double KI with SIK1 KI macrophages ( purple asterisks) or SIK2 KI macrophages (green asterisks).
(B) BMDMs from WT and SIK1/2 double KI mice were treated with vehicle control (solid lines) or 500 nM HG-9-91-01 (dashed lines) for 1 h prior to stimulation with 100 ng/ml LPS for the indicated times. The concentrations of cytokines in cell-free culture supernatants were measured using the Bio-Plex Pro Assay System (mean ± SEM, n = 3). Statistics represent analysis by two-way ANOVA followed by Bonferroni post-tests comparing SIK1/2 double KI macrophages treated with HG-9-91-01 to SIK1/2 DKI macrophages treated with vehicle control (red asterisks) or WT macrophages treated with HG-9-91-01 (n.s.).
An advantage of using small-molecule ATP-competitive SIK inhibitors is that their actions are reversible. Indeed, phosphorylation of physiological substrates of the SIKs, including CRTC3 and HDAC4, rapidly returns to normal levels after HG-9-91-01 has been removed from the culture medium ( Figure 9A ). Interestingly, macrophages differentiated in the presence of HG-9-91-01 continued to produce very high levels of IL-10 even after the compound had been removed from the culture media ( Figure 9B,C) . Although Nur77 mRNA levels were still elevated in LPS-stimulated macrophages upon removal of HG-9-91-01, its presence was required for maximal Nur77 expression ( Figure 9D ). At early time points post-LPS stimulation, IL-10 mRNA levels were elevated in macrophages treated with HG-9-91-01 regardless of the treatment regimen ( Figure 9E ). However, there was a prolonged increase in IL-10 mRNA levels at late time points (2 and 4 h) when macrophages had been differentiated in the presence of HG-9-91-01, and this increase was still detected when the drug was removed from the culture medium prior to stimulation ( Figure 9E ). These data suggest that the regulation of IL-10 secretion by the SIKs is mediated by CREB-dependent and -independent pathways, with the latter being revealed as a functional consequence of SIK activity during the differentiation of macrophages.
Differentiation of macrophages in the presence of HG-9-91-01 also had dramatic effects on other markers of pro-resolution M2-like macrophages. The production of IL-12p40 ( Figure 9F ), IL-6 ( Figure 9G ) and TNF-α ( Figure 9H ) was suppressed in macrophages differentiated in the presence of HG-9-91-01 even after removal of the drug. Similarly, the expression of Arg1 and LIGHT following LPS stimulation was higher in cells differentiated in the presence of HG-9-91-01 compared with acute treatment of cells with the drug. SPHK1 mRNA levels were similar between macrophages treated acutely or chronically with HG-9-91-01 (Supplementary Figure S6) . Our data indicate that inhibition of SIK1, SIK2 and SIK3 during differentiation leads to a stable anti-inflammatory phenotype in mouse macrophages.
Discussion
Pro-resolution M2-like macrophages play a key role in driving the resolution of inflammation. Therapeutic approaches aimed at accentuating the numbers of this macrophage population at sites of inflammation could provide long-term disease-modifying benefits to patients suffering from chronic inflammatory and autoimmune diseases such as rheumatoid arthritis. Our research has highlighted that one potential strategy to achieve this goal involves the inhibition of the SIKs [17, 23] . To address the role of SIK1, SIK2 and SIK3 in controlling macrophage polarization, we generated KI mice in which we introduced mutations that render each SIK isoform catalytically inactive. This genetic approach allows us to specifically analyze the ( patho)physiological role of the enzymatic activity of these protein kinases. Targeted kinase inactivation is the preferred approach Figure 7 . Cytokine production in SIK2/3 double KI macrophages. FLDMs from WT and SIK2/3 double KI mice were treated with vehicle control (white bars) or 500 nM HG-9-91-01 (black bars) for 1 h prior to stimulation with 100 ng/ml LPS for 2-6 h. The concentration of IL-10 (A; 2 h) or TNF-α (B; 6 h) in cell-free culture supernatants was measured using the Bio-Plex Pro Assay System. Owing to the low yield of macrophages, it was necessary to pool the cells from three foetal livers for the experiment. Error bars represent the SEM for three independent stimulations.
Results are representative of three independent experiments (mean ± SEM). Statistics represent analysis by one-way ANOVA, followed by Bonferroni post-tests.
when assessing new therapeutic strategies that would eventually rely on pharmacological methods to inhibit the protein kinase. The phenotypes in mouse knock-out (KO) models are attributed to the combination of the functionalities of all the domains in the protein. One major difference between the two genetic strategies is that the loss of the protein in the mouse KO can significantly alter the composition of complexes of related proteins, as the protein is no longer available to bind to its endogenous-binding partners. In contrast, the assembly of the endogenous protein complexes can still take place in the mouse KI. This major difference can therefore lead to discrepancies in the phenotypes observed in KO and KI mice [28] . The novel mouse lines generated as part of our study complement currently available mouse KO strains [29] [30] [31] to assess the physiological roles of the SIKs and the therapeutic potential of targeting this group of enzymes.
Mouse macrophages express all three isoforms of the SIKs but at varying levels. Consistent with SIK2 being the predominant isoform as judged by kinase activity, macrophages from SIK2-T175A mice present several features associated with pro-resolution M2-like macrophages, including enhanced CREB-dependent gene transcription, increased secretion of IL-10, decreased production of the pro-inflammatory cytokines IL-6, IL-12p40 and TNF-α and enhanced expression of markers including Arg1, LIGHT and SPHK1. In contrast, macrophages from SIK1-T182A and SIK3-T163A mice displayed a smaller spectrum of characteristics associated with pro- resolution M2-like macrophages and they were less prominent than observed in SIK2-T175A macrophages. Notably, genetic inactivation of SIK1 or SIK3 had little effect on IL-10 production while having a significant impact on the production of pro-inflammatory cytokines in response to LPS. Although the data indicate that SIK2 is a major isoform controlling macrophage polarization, inhibition of SIK1 and SIK3 is also required to fully polarize macrophages towards a pro-resolution M2-like phenotype. This was consistent with the observation that the pan-SIK inhibitor HG-9-91-01 could further promote the features of pro-resolution M2-like macrophages in cells from SIK2-T175A mice. Moreover, genetic inactivation of SIK1 or SIK3 in SIK2-T175A macrophages enhanced the M2-like phenotype of these cells. Our results suggest that inhibition of all three SIK isoforms is required to fully polarize macrophages towards the pro-resolution M2-like phenotype in BMDMs and FLDMs. Importantly, our data provide genetic validation that inhibition of the enzymatic activity of the SIKs leads to the formation of an anti-inflammatory, pro-resolution macrophage phenotype.
The molecular mechanisms by which the SIKs control cytokine production in macrophages are complex, and the relative contribution of each SIK isoform appears to differ between cytokines. One striking example is the regulation of IL-6 whereby the role of the SIKs differs in a temporal manner. Intriguingly, IL-6 has a . Twenty-four hours later, macrophages were treated with vehicle control (blue/green/purple lines) or 100 nM HG-9-91-01 (red line) for 1 h. All cell populations were then stimulated with 100 ng/ml LPS for the indicated times. The concentrations of IL-10 (C), IL-12p40 (F), IL-6 (G) and TNF-α (H) in cell-free culture supernatants were measured using the Bio-plex Pro Assay System. The relative levels of Nur77 (D) and IL-10 (E) mRNA were determined by qPCR. qPCR results are expressed as fold-induction relative to control cells that were not treated with drug or LPS. Results were generated using cells pooled from four mice. Error bars represent the SEM for three independent stimulations. Data are representative of three independent experiments. Statistics represent analysis by two-way ANOVA followed by Bonferroni post-tests comparing drug treatment during differentiation only with acute drug (red asterisks) or chronic drug ( purple asterisks).
putative CREB-binding site in its promoter region, consistent with its cAMP-dependent transcription following treatment with agents such as PGE 2 [12, 32] . Thus, at early time points, the SIKs may suppress IL-6 production through the control of CREB-dependent transcriptional activation. In contrast, at late time points, the SIKs promote IL-6 production through a poorly defined, CREB-independent mechanism. Our results are consistent with other reports showing that the effect of SIK inhibition on pro-inflammatory cytokines, including IL-6, operates via pathways independent of IL-10 [12, 21] .
Investigations in several laboratories around the world have demonstrated that inhibition of the SIKs induces an anti-inflammatory phenotype in mouse and human macrophages [12, 17, [21] [22] [23] 33] . Surprisingly, Sanosaka et al. [34] found that SIK3 KO mice were more susceptible to septic shock than WT mice, which correlated with an enhanced pro-inflammatory phenotype in thioglycolate-elicited peritoneal macrophages. In particular, SIK3 KO thioglycolate-elicited peritoneal macrophages produced higher levels of IL-6 and nitric oxide (NO) in response to LPS [34] . In our studies, we found that BMDMs from SIK3-T163A mice secreted lower levels of pro-inflammatory cytokines, including IL-6 and TNF-α, in response to LPS. Consistent with the experiments using SIK3 KO macrophages [34] , we found that the induction of iNOS mRNA and protein was accelerated in FLDMs from SIK3-T163A mice in response to LPS (Supplementary Figure S7B,C) . However, NO production was not significantly affected by genetic inactivation of SIK3 (Supplementary Figure S7D) . Moreover, macrophages treated with the pan-SIK inhibitor HG-9-91-01 produced either slightly less or similar amounts of NO in response to LPS (Supplementary Figure S7E-H) . SIK inhibition also had little effect on NO production in macrophages further polarized by the addition of IFN-γ along with LPS (Supplementary Figure S7I) . Collectively, the results suggest that the loss of the entire SIK3 protein during differentiation may influence macrophage function in ways that are independent of its catalytic activity. Alternatively, the various isoforms of the SIKs may have distinct functions in different macrophage populations. Consistent with this hypothesis, we found that the amount of SIK2 and SIK3 kinase activity was higher in FLDMs in comparison with BMDMs. Given the potential for environmental effects on the immune system, for instance through the modulation of the gut microbiome [35] , it will be important to perform side-by-side comparisons at the same institution to address these differences between the two mouse models of SIK3 function.
Excitingly, we discovered that inhibition of the SIKs during macrophage differentiation leads to a stable antiinflammatory phenotype. Macrophages continued to produce high levels of IL-10 and low levels of pro-inflammatory cytokines even after removal of HG-9-91-01 or MRT199665 (data not shown) from the culture medium. Although the molecular mechanism remains undefined, we speculate that this stable phenotype is the result of epigenetic changes occurring within transcriptional control elements of genes encoding cytokines. This suggestion is not without precedent since innate immune memory has been attributed to global epigenetic changes within myeloid cells [36] . Inhibition of the SIKs allows the dephosphorylation of class IIa HDACs such as HDAC4 [21] , which may affect histone modifications at cytokine promoters. As epigenetic marks would remain even after reactivation of the SIKs and inactivation of CRTC3 and HDAC4, through phosphorylation-dependent 14-3-3 interactions, this may explain the effects of long-term SIK inhibition. Consistent with this hypothesis, we found that the return of IL-10 mRNA back to basal levels was delayed when macrophages had been differentiated in the presence of HG-9-91-01.
It is tempting to speculate about the potential implications of our findings on drug therapy in the future. One immediate consequence of macrophages remembering the sustained inhibition of the SIKs long after these enzymes have been reactivated is the potential for a drug 'holiday'. The regimen for drug administration could include a short period where the patient stops taking a SIK inhibitor. This may limit the on-target and offtarget side effects associated with any future medication. It will therefore be important to compare the development of inflammation in mouse models of disease using various therapeutic regimens once highly specific compounds with optimal drug metabolism and pharmcokinetic properties have been developed.
The developmental phenotypes of the various mouse KI lines indicate that SIK1, SIK2 and SIK3 also have distinct but overlapping roles in different tissues. We hypothesize that, in certain cases, the relative importance of SIK1, SIK2 and SIK3 is simply the result of the expression levels of each isoform in different tissues, while in other circumstances, each isoform has different roles potentially guided by the divergent C-terminal tails of SIK1, SIK2 and SIK3. SIK3 is the most abundant isoform expressed in embryos at day E16.5 as judged by kinase activity (Supplementary Figure S8) and its inactivation results in fewer and smaller live animals with skeletal defects at weaning (3-4 weeks). This phenotype is reminiscent of the SIK3 KO mouse [29] . Indeed, for both models, only ∼40% of SIK3 homozygous KI or KO animals reached weaning (Supplementary Figure S2 ) [37] . Conversely, genetic inactivation of both SIK1 and SIK2 had no effect on mouse development. Thus, SIK3 activity is required and sufficient for normal mouse development. Additional inactivation of SIK2 resulted in no viable SIK2/3 double KI mice at weaning (data not shown). Of the animals that die before weaning, the SIK3 KO mice die after the first day post-birth [37] ; while the time point of death between day E15.5 and weaning of the SIK3 KI and SIK2/3 double KI mice remains to be defined. The consequence of inhibition of the catalytic activity of the SIKs in adult animals awaits the generation of conditional KI animals and/or the development of highly potent and selective small-molecule inhibitors.
In conclusion, we demonstrate that all three isoforms of the SIKs contribute towards macrophage biology. Our results indicate that inhibiting SIK2 and SIK3 in mature macrophages induces a population of macrophages producing high levels of IL-10 and low levels of pro-inflammatory cytokines including TNF-α. Notably, inhibition of SIK2 and SIK3 during the differentiation of macrophages leads to a pronounced and stable antiinflammatory macrophage population. Macrophages differentiated in the presence of HG-9-91-01 or MRT199665 continue to produce high levels of IL-10 and low levels of pro-inflammatory cytokines even after withdrawal of the drug. We therefore propose that pan-SIK inhibitors would be the most effective therapeutic strategy. Furthermore, the dosing regimen may allow for drug holidays as removal of the SIK inhibitor to allow the enzymes to return to full activity did not impede the anti-inflammatory phenotype of the macrophages generated in the presence of the drug. This therapeutic approach could provide a set of multifactorial benefits including a reduction in on-target and off-target side effects by the new drugs.
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